Seed germination is a complex physiological process that allows the seed embryo to grow and develop into a photosynthetic organism. The two major constituents of rice seed include the embryo and endosperm, with embryo being of much significance despite its small size. In this study, we conducted a systematic proteomic analysis of the embryos dissected from rice seed at different stages of germination through a combination of gel-based and gel-free strategies. In total, 343 differentially expressed proteins were identified. Among them, 191 were decreased and 152 were increased in terms of expression levels. All these proteins could be sorted into 11 functional groups based on MapMan analysis. Some starch biosynthesis-related enzymes such as starch branching enzyme, granule-bound starch synthase 1 and starch synthase increased during the early stage of germination and then decreased at the late stage, which was similar to the expressional patterns of glycolysis-related enzymes. However, tricarboxylic acid cycle-related enzymes only increased at the later stage. It was also found that sucrose might be an important intermediate for the biosynthesis of starch in embryos. Furthermore, gel-based proteomic analysis of the dissected endosperm showed that the biological processes in the endosperm were heavily regulated by the embryo. This study could provide some new insights into the distinct roles of the embryo and endosperm in rice seed germination.
Introduction
Rice is one of the most important cereals, which feeds more than half of the world population. Successful germination of rice seed is essential for its cultivation and production. Germination of orthodox seed is a triphasic process (Bewley 1997) , during which the seed transits from a physiological quiescent stage to an active status (Han et al. 2013) . Usually, large amounts of reserves and related enzymes are synthesized and stored in the seed during maturation. Upon imbibition, the degradation of the reserves is triggered (Muntz et al. 2001, Tan-Wilson and Wilson 2012) . Degradation of storage reserves not only supplies the necessary ATPs and precursors, but also mediates the transition between different kinds of compounds (Leonova et al. 2010) . In some plants, the degradation of reserves or other compounds is also a prerequisite for radicle extrusion. Inhibition of the degradation process can delay or even prevent germination in some plant species. For example, inhibition of pectin degradation could arrest radicle extruding teata, and hence prevent germination in Arabidopsis (Kanai et al. 2010) . Although inhibition of lipid degradation did not prevent germination in Arabidopsis, it could delay this process (Dave et al. 2011) .
Seed germination is regulated by environmental factors, such as temperature (Chiu et al. 2012 ) and light (Neff 2012) , and phytohormones including gibberellic acid (GA) (Ogawa et al. 2003) , abscisic acid (ABA) (Kim et al. 2013 ) and others (Holdsworth et al. 2008 , Tan et al. 2013 . GA and ABA have antagonistic roles during germination. GA promotes seed germination, while ABA inhibits seed germination (Finkelstein et al. 2008) . This antagonistic behavior between GA and ABA is realized in barley aleurone cells by ABA-induced protein kinase, PKABA1, which mediates the ABA suppression of -amylase expression (Gomez-Cadenas et al. 2001) . The environmental factors affect germination through regulation of biosynthesis and catabolism of GA and ABA (Holdsworth et al. 2008) . Recently, studies have proved that histone methylation is important for Arabidopsis seed germination (Cho et al. 2012) . Reactive oxygen species (ROS) and nitric oxygen (NO), which act as signaling molecules, also participate in regulation of seed germination (Liu et al. 2010) .
Rice seed is composed of embryo and endosperm. During germination, degradation of starches, which occurs in the endosperm, is regulated by the embryo when GA biosynthesis is commenced. The GAs are then transported to the aleurone layer (Fincher 1989) where they trigger expression of -amylase by inducing the expression of a positive transcriptional factor (Gubler et al. 1995) . As a result, a-amylase is secreted from the aleurone layer into the endosperm to catalyze the hydrolyzing reaction of stored starch (Bush et al. 1986 , Kumagai et al. 1990 . Recently, two crucial transcription factors, MYBS1 and MYBGA were proved to be induced by GA and to form a stable bipartite MYB-DNA complex to activate the -amylase gene expression in rice and barley (Hordeum vulgare) (Hong et al. 2012 ). In addition, G protein signaling and Ca 2+ signaling are also involved in activation of -amylase during rice seed germination (Lovegrove and Hooley 2000, Assmann 2005) . Previously, our studies showed that there were starches accumulated in the embryo alongside starch degradation in the endosperm during germination , which indicates that embryo and endosperm might play distinct and reciprocal roles during rice seed germination. But how the embryo and endosperm communicate with each other and execute their functions is not fully understood.
The -omic strategies, such as transcriptomics and proteomics, have been proved to be powerful in exploring complex biological questions (Nakabayashi et al. 2005) . Owing to the complexity of seed germination, -omic strategies, especially proteomic methods have been widely used in studies on rice seed germination (Yang et al. 2007 , Kim et al. 2008 ). Previous studies have mainly focused on the intact seed; very few studies have been conducted on the individual embryo or endosperm. To obtain more comprehensive information, we conducted comparative proteomic analysis focusing on the embryos dissected from germinating rice seeds using both gel-based and gel-free methods. The results might provide some insights into understanding the distinct roles of the embryo in rice seed germination.
Results

Germination process of rice embryo and endosperm
As reported, the rice seed germination process could be divided into three phases: the rapid water uptake phase, the plateau phase and the postgerminative growth phase (Yang et al. 2007 ). The size of the embryo was increased constantly within the first 48 h of imbibition, after which, the radicle and coleoptile protruded. There were no morphological changes in the endosperm (Fig. 1A) , however. During the first 24 h, the fresh weight of both the embryo and the endosperm doubled (Fig. 1B, C) . At this stage, the change in the whole seed fresh weight mainly comes from the endosperm, which is 20 times heavier than the embryo. After the first stage, the endosperm weight remained unchanged until 72 h after imbibition (Fig. 1C) , while the embryo was enlarged constantly with a slow increase at phase II and a sharp increase at phase III (Fig. 1B) . In this way the embryo contributes to the increase in the whole seed weight during the third phase. Together, these data implied that the endosperm and embryo contribute to the increase in seed fresh weight at phase I and phase III of germination, respectively.
Dynamic proteome profiles of embryo during germination
To better understand its roles in germination, rice embryos were dissected and subjected to proteomic analysis. Based on our previous study (Yang et al. 2007 ), proteome profiles were compared among the samples at 0 h, 24 h, 48 h and 72 h after imbibition.
After two-dimensional electrophoresis (2-DE), there were about 700 protein spots that could be reproducibly detected in the gels of the embryos (Fig. S1) . Comparison among the gels from four different time points of germination showed that there were 106 differentially expressed protein spots based on the 1.5-fold-change criterion. Among them, 104 proteins were successfully identified through matrix assisted laser desorption ionization/time of flight (MALDI-TOF) mass spectrometry (MS) analysis and database searching (Table S1 ). There were few acidic proteins in the range of pI 4-5 in the gel (Fig. S1) , which indicated that the gel-based techniques have limitations in identification of proteins with extreme pI or molecular weight. In order to explore more differentially accumulated proteins in the embryos during germination, iTRAQ labeling quantitative proteomic analysis was also conducted. Based on this technique, another 264 differentially expressed proteins were identified (Tables 1 and 2 ). There were 25 proteins that were identified using both methods (Tables 1 and 2 ). In total, 343 differentially accumulated proteins were identified. All these proteins could be divided into 11 functional groups based on Gene Ontology (GO) analysis, which were metabolism, redox homeostasis, signaling, transportation, DNA and RNA synthesis and binding, protein biosynthesis and destination, cell cycle and structure, stress response, development, storage and function unknown proteins ( Fig. 2A) . Among them, the metabolic group was the largest and the protein destination group was the second largest. Specifically, the changes in ribosomal proteins were exclusively detected using the iTRAQ method (Tables 1 and 2), which might ascribe to their basic pIs ($10).
Based on their changed patterns, these proteins could be sorted into three clusters (Fig. 3A) . In cluster I, the proteins had the highest level in dry seeds, which accounted for most of the differentially expressed proteins. In cluster II, the proteins had complicated changing patterns. Some of them initially increased, and then decreased, while others were the opposite. In cluster III, the proteins were gradually increased. All the 11 functional groups existed in each cluster (Fig. 3B) . Specifically, there were more proteins involved in metabolism and protein destination in cluster I and II than in cluster III, whereas there were more stress responsive proteins and function unknown proteins in cluster III (Fig. 3B ).
Changes in metabolic proteins and pathways
Among all the differentially accumulated proteins identified in the embryos, there were over 80 metabolism-related proteins that could be further classified into 16 sub-groups based on gene ontology (GO) analysis. Almost half of them were involved in starch metabolism, glycolysis, major carbohydrate metabolism and amino acid metabolism (Fig. 2B) . Their expressional patterns could reflect the changing patterns of the corresponding metabolic pathways (Fig. 4) . For example, three starch synthesis-related enzymes were identified, including starch branching enzyme (SBE), granule-bound starch synthase 1 (GBSS1) and starch synthase (SS). SBE and GBSS1 proteins were abundant at 24 h after imbibition. And SS protein remained at a high level during the first 48 h (Fig. 5) . On the other hand, three enzymes involved in starch degradation were also identified, including a-amylase (AMY), starch phosphorylase (PYG) and alpha-glucan water dikinase (GWD). All these three enzymes had a lower protein expression level at 24 h after imbibition than that at 0 and 48 h after imbibition (Table  S2) . Starch degradation was repressed at the early stage of germination, which was beneficial for the dynamic accumulation of starch in embryo. In addition, sucrose synthase (SSA) had a dramatic increase during the postgerminative growth phase. Through MapMan analysis, it was apparent that there should be an enhancement of starch synthesis at the early stage of germination in the embryo (Fig. 4A) and enhancement of starch degradation at the late stage (Fig. 4B) .
Based on the current data and previous report , starch biosynthesis should be an important metabolic event in the germinating embryo. The expression of GBBS1, SS and SBE encoded genes was also examined at mRNA level during germination. All of them sharply increased at 24 h after imbibition, and then gradually decreased (Fig. 5) , which was largely similar to their expressional patterns at protein level. When the embryo was dissected from the endosperm before imbibition, there was no accumulation of starch (Fig. 6) . On the contrary, the starch was gradually degraded (Fig. 6) , which suggested that the carbohydrate resource of starch biosynthesis was from the degradation of starch in endosperm. To know what kind of intermediates might be the precursor for the biosynthesis of starch, the dissected dry embryos were given water, 100 mM glucose or 100 mM sucrose to imbibe. The starch contents in the embryos during the different stages of germination were measured with the embryos from the intact imbibed seeds as a positive control. In the undissected embryos, starch content increased dramatically within 24 h of imbibitions and then gradually decreased to a constant level after 72 h, whereas, it continually decreased in the water-cultured dissected embryos. Although both sucrose and glucose caused recovery of starch biosynthesis in the dissected embryos, sucrose was more efficient than glucose (Fig. 6) .
Six glycolysis-related proteins were found, including fructose-bisphosphate aldolase (FBPK), glyceraldehyde 3-phosphate dehydrogenase (GPD), phosphoglycerate kinase (PGK), phosphoglycerate mutase (PGAM) and pyruvate kinase (PK). The proteins providing ATP and NADH, including PGK, PK and GPD, maintained high expression levels at the early stage of germination, and this decreased in the postgerminative growth phase (Table 1, Fig. 5 ). Two proteins involved in the TCA cycle, aconitate hydratase (ACO) and malate dehydrogenase (MDH), had an obvious expression enhancement during postgermination (Table S2) . Succinate dehydrogenase, which is involved in complex II of the mitochondrial electron transport chain but does not participate in oxidative phosphorylation to produce ATP directly, was down-regulated during germination ( Table S2 ). The fermentation-related protein, pyruvate decarboxylase (PDC), had a similar expressional pattern to the glycolysis-related proteins. In addition, two isoforms of alcohol dehydrogenase 1 identified using gel-based techniques had different expressional patterns. Alcohol dehydrogenase 1 levels decreased continuously during germination, while alcohol dehydrogenase I had a high level of expression after 24 h of imbibition (Table S2) .
Signal transduction and transportation-related proteins
In total, 16 signal transduction and nine transportation-related proteins were identified in the embryo during germination. (Fig. 7) . OsCML16 and CML11 belong to the Ca 2+ signaling pathway. Within the first 24 h of imbibitions, OsCML16 had a two-fold increase, which could explain the high levels of mRNA in the mature embryos. This protein might be involved in signal transduction at the early stage of germination. The 14-3-3 protein, FHA domain-containing protein and SNF4b protein mediate phosphoprotein interaction, which influences phosphorylated protein activity and localization (Chevalier et al. 2009 ). Levels of all of these proteins decreased during germination (Fig. 7) . This indicated that protein phosphorylation might be important for signaling transduction and germination initiation during the early stage of germination. COP9 signalosome complex subunit 5b and inositol 1,3,4-trisphosphate 5/6-kinase are related to photomorphogenesis. The former is one of the components in the CSN complex that regulates photomorphogenesis ). RACK1 belongs to the G protein, and miro protein is a small GTP-binding protein. RACK1 acts as a positive regulator of ROS production and is required for resistance against rice blast (M. grisea) infection (Nakashima et al. 2008) , while miro protein is involved in vesicle-medicated endoplasmic reticulum-Golgi protein transport. The miro protein levels decreased gradually during germination.
Both PEBP and phospholipase D alpha1 are lipid signalrelated proteins. It was reported that phospholipase D alpha1 participated in lipid signaling in the plant cell (Gillaspy 2011) . Levels of this protein decreased dramatically during germination, although its transcript maintained a high level during the early stage of germination. In order to confirm its effect on germination, seeds were made to imbibe different concentration of 1-butanol solution, which is an inhibitor of a Indicated the proteins that were identified by both 2DE and i-TRAQ methods. b Indicated the extremely changed proteins which increased or decreased in levels of expression by more than five times. phospholipase D (Motes et al. 2005) . The treatment delayed germination (Fig. 8) .
Dynamic proteome profiles of endosperm during germination
To better understand the physiological role of embryo, we also analyzed the dynamic proteome profiles of endosperm during germination. Since the endosperm is regarded as an inactive tissue, only the gel-based method was applied. In the 2-DE gel of endosperm, about 500 protein spots were reproducibly detected (Fig. S2) . The number of protein spots gradually decreased within 72 h (Fig. S2) . In total, 120 protein spots were reproducibly detected as differentially expressed proteins in the endosperm during germination. Among them, 110 including 44 up-regulated and 66 down-regulated proteins were successfully identified using MALDI-TOF MS analysis and database searching (Table S1 ). These proteins could be sorted into 10 functional groups, among which metabolic proteins were again the largest group (Fig. S3A) , and could be further categorized into 12 sub-groups (Fig. S3B) . Other groups were the same as those existing in the embryo, except for the absence of the cell cycle-and structure-related proteins.
In order to check whether the changes of protein levels in the endosperm were regulated by the embryo or not, we dissected the endosperms from the dry seeds, and then subjected them to imbibition and proteomic analysis. Interestingly, most of the upregulated proteins did not increase any more (Fig. S2) .
Discussion
Combination of gel-based and gel-free proteomic methods provided a more comprehensive dataset for rice seed germination There are two routine methods in proteomic study, gel-based (2-DE) and gel-free methods. Currently, the latter is becoming more and more popular owing to the advances in MS technique. However, in spite of its drawbacks, on low abundant, extremely acidic or basic proteins, the 2-DE based method still has advantages over the gel-free method, such as reproducibility and isoform analysis (Abdallah et al. 2012 ). These two methods could, therefore, be regarded as complementary to each other. In this study, both gel-based and gel-free proteomic methods were applied to study the rice embryo during germination. A total of a Indicated the proteins that were identified by both 2DE and i-TRAQ methods. b Indicated the extremely changed proteins that increased or decreased by more than five times.
104 and 264 differentially expressed proteins were identified through the 2-DE and iTRAQ methods, respectively (Tables 1  and 2 ). Only 25 were detected by both methods, which again proved that these two methods could provide complementary data. In addition, the 343 differentially expressed proteins constitute the largest dataset obtained from germinating rice embryos identified by the authors to date. This information will certainly facilitate a better understanding of germination in rice.
Embryo plays the major role in regulating seed germination
Generally, angiosperm seed is composed of three genetically distinctive parts: the embryo, endosperm and seed coat (Nagasawa et al. 2013) . Among them, the endosperm is a triploid tissue formed by the fusion between a haploid sperm and a diploid central cell. In Arabidopsis, the endosperm is formed at the early stage of seed development, and then is gradually consumed by the embryo. However, the endosperm in cereal seed occupies most of the space and stores most of the nutrients (Zhou et al. 2013) . In contrast with the endosperm, the embryo is a diploid tissue that is formed by the fusion of sperm and egg cell. The genetic information for the next generation of life is stored in the embryo. During rice seed germination, the nutrients stored in the endosperm are gradually consumed by the embryo and seedling. The final destination of the endosperm is degradation. Although we detected that some proteins were up-regulated in the endosperm during germination (Fig. S2) , these increases disappeared when we dissected the endosperm from the seed before imbibition. These results implied that new biosynthesis of proteins in the endosperm might be mainly controlled by the embryo, which would facilitate the degradation of reserves. 
Metabolism and flux of carbohydrates in embryo during germination
During rice seed germination, starch was gradually degraded in the endosperm, which was supposed to be the main source of ATP and precursors for the anabolic reactions that occurred in the embryo. Previously, it has been shown that there was accumulation of starches in the embryo along with the degradation of the endosperm . In this study, three starch biosynthesis-related enzymes increased within the first 24 h of imbibition, and then decreased (Table S2) .
MapMan analysis of the proteomic data indicated that starch biosynthesis was enhanced at the early stage and its degradation was enhanced at the late stage of germination (Fig. 5) , which is consistent with the previous observation . These data together imply that the degradation of A B Fig. 3 Clustergram of expressional profiles of the differentially expressed proteins. All the proteins were roughly sorted into three clusters based on their expressional pattern. Cluster I included the gradually decreased proteins; cluster II referred to the proteins with complicated changed patterns; cluster III stood for the increased proteins. storage starches in the endosperm might go through two fluxes.
One is the whole process of the catabolism pathway including glycolysis and TCA; the other is the degradation of starches into glucose phosphate, and their resynthesis into starch in the special tissue of the embryo. Except for GBSS1, which catalyzes the biosynthesis of amylose (Maddelein et al. 1994, Hirano and Sano 1998) , the enzymes, such as SS and SBE, catalyzing the biosynthesis of amylopectin (Commuri and Keeling 2001; Rahman et al. 2001 ) also had an apparent increase after 24 h of imbibition (Fig. 3) . These data suggested that the re-biosynthesis of starch in the embryo is similar to what happens during seed maturation. It was reported that expression of sucrose transporter encoded gene OsSUT1 was induced in rice embryo upon imbibition (Matsukura et al. 2000, Scofield . Aoki et al. (2006) detected the accumulation of sucrose in the endosperm of wheat after 1-day-imbibition. In this study, we also found that sucrose was more efficient than glucose for the biosynthesis of starch in the dissected embryo. All together, these data suggested that sucrose might be important for the biosynthesis of starch in the embryo during germination. This hypothesis is also supported by the result that several isoforms of sucrose synthase (SSA) were gradually increased during germination (Table S2 ; Fig. 4) . Along with the enhancement of starch biosynthesis at the early stage, we also detected the increase of some of the glycolysis-and TCA-related enzymes, such as fructose-bisphospate aldolase, glyceraldehyde-3-phosphate dehydrogenase and phosphoglycerate mutase in the embryos (Table S2) , which is consistent with previous studies (Yang et al. 2007 , Kim et al. 2009 ). All these data suggested that the intermediates originated from endosperm starch degradation and went through the glycolysis and TCA processes except for the starch biosynthetic pathway. Interestingly, we did not detect the increase of these enzymes in the endosperm (Table S1), which indicated that the enhancement of central metabolisms might mainly happen in the embryo. Germination is almost an anaerobic process. After a steep initial increase in oxygen consumption, the rate declines until the radicle penetrates the surrounding structures and initiates another burst of respiratory activity (Bewley 1997 . Our former work also proved that aerobic respiration efficiency increased until the postgerminative phase in rice (Yang et al. 2007) . Based on the proteomic data, embryo might obtain energy mainly from the glycolysis process during the early stage of germination. The enhancement of fermentation might help to detoxify the overaccumulation of pyruvate originating from glycolysis.
Signal transduction in rice embryo during germination
Previous studies in Arabidopsis have shown that intensive signal transduction is involved in the regulation of seed germination (Holdsworth et al. 2008) . In this study, 16 signaling-related proteins were identified to have changed in the embryo during germination (Tables 1 and 2 ). Among them, three proteins are involved in ABA signaling. Phospholipase D alpha1, as a lipid signal protein, has been proved to mediate the ABA signal to regulate seed germination in Arabidopsis (Katagiri et al. 2005 , Zhang et al. 2009 ). The product of phospholipase D is phosphatidic acid (PA), which is a negative regulator for seed germination. It has been reported that an analog of PA, 1-butanol has a similar role in inhibiting the activity of phospholipase D (Motes et al. 2005) . Rice seed germination was arrested with 1-butanol treatment, which suggests that Phospholipase D might be involved in the regulation of germination in rice as it is in Arabidopsis. Besides phospholipase D alpha1, 14-3-3 protein and RACK1 have both been reported as effecters of ABA signaling (Schoonheim et al. 2009 , Guo et al. 2009 ). The 14-3-3 protein could regulate GA signal in aleurone cells during the early stage of barley seed germination (Schoonheim et al. 2009 ). All these three proteins had high relative levels in the dry embryo, and decreased gradually during germination. It has been reported that enhancement of ABA signaling could inhibit germination in rice (Kim et al. 2012 ). Together, these data suggested that germination is accompanied by a weakening of ABA signal transduction.
Apart from the ABA signaling pathway, light signaling might also play a role during rice seed germination. Both COP9 signalosome complex subunit 5b and inositol 1,3,4-trisphosphate 5/ 6-kinase are related to light signaling ). It has been reported that ABC transporter might also be involved in light signaling (Moller et al. 2011) . In Arabidopsis, light is an essential environmental factor that induces germination (Holdsworth et al. 2008 ). Although light is not a critical factor in rice seed germination, it might help to promote germination.
Materials and Methods
Seed germination
Rice (Oryza sativa 'Nipponbare') seeds were dehulled, washed twice and given distilled water to imbibe (water was changed every 24 h) in darkness at 26 C. Embryos were separated from the germinating seeds and put into liquid Fig. 6 Changes of starch content in embryo immersed in different carbon resources during imbibition. The control was the embryos dissected from the germinating seeds, while all the other embryos were dissected before imbibition. The upper panel showed the content of amylose, the middle panel showed the amylopectin and the lower panel showed the total starch content. Data are shown as means ± SE from three independent biological replicates. * P < 0.05, ** P < 0.01 (n = 3). nitrogen, then stored at À80 C until used for protein extraction. Imbibition of the dissected embryo and endosperm were conducted using the same procedure.
Protein extraction and two-dimensional electrophoresis
Proteins used for 2-DE were prepared as follows. A portion of 1 g fresh tissues were ground into fine powder in liquid nitrogen and homogenized with 4 ml homogenization buffer containing 20 mM Tris-HCl (pH 7.5), 250 mM sucrose, 10 mM EGTA, 1 mM protease inhibitor PMSF, 1 mM DTT and 1% Triton X-100, and centrifuged at 12,000 Â g (4 C) for 20 min. The supernatants were then collected, added into three volumes of cold acetone, and incubated at À20 C for at least 2 h. After centrifugation, the pellets were washed with cold acetone three times. The pellets were vacuum-dried and stored at À80 C for further use.
Protein powder was dissolved in lysis buffer containing 7 M urea, 2 M thiourea and 4% (w/v) CHAPS, 65 mM DTT, Bio-Lyte pH 5-8 (Bio-Rad, Hercules, CA, USA). Protein concentration was measured using the Bradford method (Kruger 1994) . A total of 0.9 mg proteins was loaded on immobilized pH gradient strips (pH 4-7; length, 17 cm; Bio-Rad). Isoelectric focusing (IEF) was performed using a Protean IEF Cell (Bio-Rad) under the following conditions: 200 V for 1 h with a linear ramp; 500 V for 1.5 h with a linear ramp; 8,000 V for 4 h with a linear ramp; and finally 8,000 V for 43,000 V/h with a rapid ramp. The temperature of the cell was set at 20 C. Then strips were equilibrated in buffer A (6 M urea, 2% SDS, 0.375 M Tris-HCl pH 8.8, 20% glycerol and 130 mM A B Fig. 8 Effect of of PLD1a inhibitor 1-butanol on rice seed germination. (A) Germination rate of rice seeds subject to imbibition in water (control), 0.5% and 1% 1-butanol solution, respectively. (B) Changes in rice seeds weight subject to imbibition in water (control), 0.5% and 1% 1-butanol solution, respectively. Three biological replicates were conducted with 50 rice seeds in each biological replicate. The x-axis is germination time for both panels. dithiothreitol) for 18 min and buffer B (6 M urea, 2% SDS, 0.375 M Tris-HCl pH 8.8, 20% glycerol and 135 mM iodoacetamide) for 18 min sequentially. The equilibrated strips were placed on the top of 12% SDS polyacrylamide gels, and sealed with 1% agarose. Electrophoresis in the second dimension was performed at a constant voltage of 200 V. The gels were stained with Coomassie brilliant blue red 250 (CBB R-250), and gel maps were analyzed using PDQuest 8.0 software (BioRad).
Protein digestion and MALDI-TOF MS/MS
The differentially expressed protein spots were cut carefully. The gel slices were destained with 25 mM NH 4 HCO 3 solution containing 50% acetonitrile for 1 h at 37 C until the blue colour faded. After dehydration with 50% acetonitrile, 5 mL 0.01 mg/ml sequencing grade modified trypsin (Promega, Madison, WI, USA) was added, and it was incubated at 4 C for 1 h, then 25 mL 25 mM NH 4 HCO 3 was added and it was incubated at 37 C for 16 h. The peptides were extracted and collected using three different solutions (0.1% TFA 99.9% acetonitrile, 0.1% TFA, 0.1% TFA 50% acetonitrile) from the gel spot. The peptide solution was concentrated to 10 mL, and then desalted using ZipTipC-18 TM pipette tips (Millipore, Bedford, MA, USA). The desalted peptides were analyzed with a MALDI-TOF mass spectrometer Voyager STR (AB, Milwaukee, WI, USA). The MS data were searched for with Mascot software (available at http://www. matrixscience.com/) on the NCBI database (which contains 15,823,071 sequences and 5,433,757,279 residues). The search parameters were set as follows: O. sativa was chosen as the taxonomic category; 1.2 Da was used as mass error tolerance; one missed cleavage was permitted; carboamidomethyl (C) was selected as a fixed modification; oxidation (M) was selected as a variable modification. The protein score is À10*Log(P), where P is the probability that the observed match is a random event. Protein scores greater than 64 were regarded as significant (P < 0.05), and the best matches were selected.
iTRAQ assays and Data analysis
The protein samples for iTRAQ were extracted from the embryos of germinating seeds in lysis buffer (30 mM Tris-HCl, pH 8.5, 7 M urea, 2 M thiourea and 4% [w/v] CHAPS) by phenol extraction and methanol/ammonium acetate precipitation as described previously ). The protein pellets were washed with ice-cold acetone three times and dissolved in 100 mM Tris-HCl buffer (pH 8.3), containing 8 M urea, 0.4% SDS and 5 mM tributylphosphine. Proteins were quantified with MicroBCA assay reagent (Pierce). After Cys reduction and alkylation and trypsin digestion, 8-plex iTRAQ labeling was carried out according to the manufacturer's instructions (Applied Biosystems, CA, USA). The sample from the dry seed embryo was labeled with 113 and 117, the sample from the seed embryo, which had undergone 24 h of imbibition was labeled with 114 and 118, the sample from the seed embryo, which had undergone 48 h of imbibition was labeled with 115 and 119, and the sample from the seed embryo, which had undergone 72 h of imbibition was labeled with 116 and 120. The mixture of labeled peptides was concentrated and acidified to a total volume of 2 mL, then injected into the Agilent 1100 HPLC system with a Zorbax 300-SCX column (4.6 mm ID Â250 mm) (Agilent, Waldbronn, Germany). Solvent A (5 mM KH 2 PO 4 , 25% acetonitrile, pH 3.0) and solvent B (350 mM KCl in solvent A) were as for the binary mobile phase. Peptides were eluted out with a 40-min linear gradient of solvent B. Altogether 30 fractions were collected and samples were dried by a speedvac prior to liquid chromatography MS/MS (LC-MS/MS) analysis.
A nanobore LC system (Dionex, Sunnyvale, CA, USA) equipped with a Magic C18 column (100 A pore 75 mm ID; Â150 mm) (Michrom Bioresources, Auburn, CA, USA), interfaced to a mass spectrometer QSTAR XL QqTOF with NanoSpray ion source (Applied Biosystems, CA, USA) was used for MS/MS. Peptide mixtures (reconstituted in 125 mL of 5% FA) were injected and eluted from the column with a 90-min mobile phase gradient (5-11% B for 8 min, 11-13% B for 7 min, 13-14% B for 5 min, 14-36% B for 60 min, 36-92% B for 0.5 min and 92% B for 5 min) at a flow rate of 250 nL/min, where solvent B was 85% ACN, 10% isopropanol, 0.1% FA and 0.01% TFA, and the balance was provided by solvent A consisting of 3% ACN, 0.1% FA and 0.01% TFA. The mass spectrometer was operated in an information-dependent acquisition mode, whereby following the interrogation of MS data (m/z 350-1500) using a 1-s survey scan, ions were selected for MS/MS analysis based on their intensity (420 cpm) and charge state (12, 13 and 14). A total of three product ion scans (2, 3 and 3 s) were set from each survey scan. Rolling collision energies were chosen automatically based on the m/z and charge-state of the elected precursor ions.
Amylose and amylopectin measurement
Approximately 20 mg of embryo tissues were ground in liquid nitrogen, and then mixed with 1 mL 80% ethanol saturated NaCl solution and boiled for 5 min. After centrifugation, the supernatant was removed and 400 mL 1 M NaOH was added to the tube, and then incubated gently in an 80 C water bath. A total of 1.2 mL water was added gradually over 2 h. After centrifugation, the supernatant were collected for amylose and amylopectin measurement. The sample solution was stained with iodine solution (0.2% I 2 , 2% KI), and measured with a Beckman DU640 spectrophotometer (Brea, CA, USA). Dualwavelength colorimetry was performed to determine the amylose and amylopectin contents. Absorbencies at 458 nm and 600 nm were used for amylose content measurement and at 540 nm and 686 nm for amylopectin content measurement.
RNA extraction and quantitative RT-PCR analysis
RNA was extracted from embryos using TRIzol RNA isolation reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Reverse transcription was conducted using a first strand cDNA synthesis kit (TOYOBO Co., Osaka, Japan). Primers were designed with Primer 5 software and qRT-PCR was performed on a CFX Connect TM Real-Time PCR Detection System (Bio-Rad, Berkeley, CA, USA) using iQ TM SYBR Green Supermix (Bio-Rad, Berkeley, CA, USA). The PCR conditions were as follows: 95 C for 3 min, then 45 cycles of 95 C for 10 s, 60 C for 20 s and 72 C for 30 s. Gene expression was normalized using 18 S rRNA (AK059783) as an internal control.
Statistical analysis
The criterion for changed expression of a protein was as follows. If the expression of one protein changed by more than 1.5-fold (P < 0.05, Student's t-test) between different time points after imbibition, this protein was identified as an expression changed protein during seed germination. The statistical significance of the results was evaluated with a Student's t-test for comparison between two groups, or with a one-way ANOVA test when multiple groups were compared.
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